Successful performance of distraction osteogenesis requires rigorous patient compliance with a daily activation regimen of a percutaneous screw. Previous clinical studies have found that failure of patient compliance with this regimen is the most common complication leading to technical failure of the distraction process. The authors have developed an internalized spring-mediated device for mandibular distraction osteogenesis that can potentially abrogate the risks associated with patient compliance by allowing for automated distraction across an osteotomy. Twenty adult New Zealand White rabbits underwent unilateral mandibular osteotomy. A segment of nickel-titanium shape memory alloy reinforced at both ends with a pinball was fashioned into an inferiorly based arc and secured to the mandible with stainless steel wire. On postoperative day 12, spring activation commenced by cutting a wire binding the two pinballs to one another. Animals were observed for 6 weeks before they were killed. Radiographic studies and decalcified histologic analysis were performed on extracted mandibles. Temperature-and displacement-dependent properties of the shape memory alloy were also examined. Five animals were excluded from the study due to infection, nonunion, or device failure. A mean distraction of 1.2 mm in the distracted hemimandible relative to the nonoperated hemimandible was found (P < .001, twotailed paired t test). The maximum distraction achieved in an experimental specimen using the spring distractor was 3.7 mm. There were no other histologic or radiographic differences found between study specimens and specimens subjected to traditional distraction methods. Biomechanical testing of the shape memory alloy revealed a temperature-dependent increase in force at body temperature compared with room temperature and a reduction in force with increased displacement of the spring. This study demonstrates the feasibility of spring-mediated distraction osteogenesis across an osteotomy. As the field of distraction osteogenesis matures, the next level of sophistication in the clinical development of devices will incorporate technology that permits fully internalized and automated distraction to occur.
T
he model for distraction osteogenesis first described by Codovilla in 1905 and popularized by the work of Ilizarov in long bones during the past half century relies on a displacement-control method of daily gradual distraction across an osteotomy site by activation of a screw. 1 This principle was first applied experimentally to the dog mandible by Snyder in 1972 and was successfully performed in humans by McCarthy in 1992. 2 During the past 10 years, there has been a rapid worldwide acceptance of distraction techniques for the lengthening of craniofacial skeletal elements. Current efforts within the field of craniofacial distraction are aimed at the creation of lightweight, internalized, and automated devices that do not require daily activation.
This study describes a new technique for distraction across a mandibular osteotomy site utilizing a springlike memory alloy that is capable of delivering a continuous force across the osteotomy site and does not require the daily activation of a screw. Although previous landmark studies have demonstrated the feasibility of distraction across a growing cranial suture, [3] [4] [5] this is the first study to demonstrate that a spring can be used to distract across an oste-otomy. The implications of this finding go beyond the field of plastic surgery because orthopedic surgeons may adopt this technique for distraction in long bones as well.
Persing first reported the experimental use of springs in the field of craniofacial surgery in 1986. 4 In a study involving a newborn rabbit model, suture craniectomy was performed at immobilized coronal sutures, followed by the implantation of spring expansion devices for 90 days. The mean marker separation at the coronal suture was, on average, 3 mm greater in experimental animals than in control animals. More recently, Lauritzen 5 has reported the first clinical trials of spring-mediated cranial reshaping for craniosynostosis after craniectomy.
The shape memory effect associated with titanium-nickel alloy was first described in 1963. 6 Complete thermoelastic transformation in shape memory alloys is ascribed to crystallographic reversibility that results in a recoverable deformational mode. The process is temperature dependent, and the springlike property vanishes completely when cooling the alloy below temperatures defined for each alloy. At higher temperatures, the titanium-nickel alloy achieves maximal shape recovery. This unique property has been used for a variety of medical and industrial uses, including dental arch wires 7 and eyeglass frames. Several experiments have confirmed the biocompatibility and nontoxicity of the nickeltitanium memory alloy on bone formation. 8, 9 We describe a new model for the performance of mandibular distraction osteogenesis using a shape memory alloy. The advantages associated with the development of an automated and fully internalized distraction device that does not require daily activation are obvious. In fact, failure of patient compliance with the daily distraction regimen has been found to be the most common complication leading to technical failure of the distraction process. 10 Furthermore, a fully internalized device without external activation ports is likely to be less prone to infection, and because it is less noticeable, it will be more acceptable to patients who commit to the lengthy distraction process.
MATERIALS AND METHODS

Experimental Design
T wenty New Zealand White rabbits of both sexes (Covance Research, Denver, PA), weighing between 3900 and 4300 g, were used for this study. A 55-mm segment of linear shape memory alloy secured at either end with a pinball was bent into an inferiorly based arc and secured to the hemimandible with stainless steel wire. Both pinballs were secured to one another with an additional segment of stainless steel wire (Fig 1) . In each animal, a unilateral mandibular osteotomy was performed at a line dorsal to the incisors and ventral to the molars and mental foramen. After a 12-day latency period, the incision was reopened, and the wire securing both pinballs to one another was cut, allowing for spring activation and a distraction force to be applied to the osteotomized mandibular segments. A distraction period of 6 weeks was observed before each animal was killed with an intravenous overdose (100 mg/kg) of pentobarbital (Fort Dodge Animal Health, Fort Dodge, IA). The institutional animal care and use committee accepted this protocol.
Surgical Procedures and Postoperative Care
Surgery was performed under general anesthesia administered intramuscularly with 35 mg/kg ketamine (Fort Dodge Animal Health, Fort Dodge, IA), 5 mg/kg xylazine (Fermenta Animal Health Co., Kansas City, MO), and .75 mg/kg acepromazine (Boehringer Ingelheim Vet Medica, Inc., St. Joseph, MO). Each animal was also given an intramuscular prophylactic dose of 30 mg/kg cefazolin (Bristol-MyersSquibb, Princeton, NJ). A longitudinal incision was made in each rabbit along the inferior border of the 
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arbitrarily selected left hemimandible, and the platysma was reflected in the supraperiosteal plane. A 55-mm segment of 1.0 mm diameter Nitinol™ nickel-titanium memory alloy (Fort Wayne Metals Research Products Corp., Fort Wayne, IN) was secured at both ends with 1.1 mm diameter Jurgan™ pinballs (Jurgan Development and Mfg, Madison, WI). Using a .76-mm drill bit, bicortical holes were placed anterior and posterior to the planned corticotomy site in the mandible posterior to the incisor root and anterior to the molars. B&S 28-gauge 2-0 (.321 mm diameter) monofilament surgical steel wire (Ethicon, Piscataway, NJ) was placed through the bicortical holes to secure each Jurgan™ ball anterior and posterior to the planned corticotomy site, leaving the memory alloy in an inferiorly based arc (Fig  1) . A water-cooled, oscillating saw (Stryker Surgical, Kalamazoo, MI) was used to perform the corticotomy on the buccal aspect of the mandible between the Jurgan™ balls. Every effort was made to preserve the inferior alveolar nerve bundle. The Jurgan™ balls were secured to one another using a figure-of-eight tie with the 28-gauge monofilament surgical steel wire at a fixed distance of 30 mm to prevent the osteotomized segments from springing entirely apart. At this point, the osteotomy was completed using gentle rocking motion with an osteotome. Subcutaneous tissues and skin were reapproximated using 4-0 coated Vicryl (Ethicon, Piscataway, NJ) suture material. All animals were housed in a light-and climate-controlled facility. For analgesia, each animal received an intramuscular injection of buprenorphine hydrochloride (Reckitt Benckiser Pharmaceuticals, Inc., Richmond, VA) .01 mg/kg twice per day for 3 days postoperatively. After 12 days, the rabbits were reanesthetized as described previously, and the incision was reopened. The figure-of-eight stainless steel wire tie was cut, and the wire was removed, allowing for activation of the spring and thus force to be applied to the newly formed callus at the osteotomized mandibular segments. Once again, skin and subcutaneous tissues were reapproximated with absorbable suture material. Postoperative analgesia was provided as described previously.
Radiographic Analysis
When the rabbits were killed, the mandibles were harvested, measured, and examined by soft x-ray radiographs to determine the outer diameter and length of the bone regenerate. Soft x-ray radiographs were exposed at 70 kV and 3 mA for 30 seconds in a self-contained x-ray cabinet (Faxitron X-ray Corp., Buffalo Grove, IL) with high-resolution film (Konica Powermatic Premium Rap-4 film, Konica, Glen Cove, NY). From these high-resolution films, the maximum callus diameter and length of the mandible from first molar to the symphysis was measured with a digital caliper, and the values were averaged in two planes and normalized to the analogous position on the contralateral hemimandible that did not undergo the operation.
Biomechanical Testing
Biomechanical properties of the memory alloy were examined with an electromagnetic force, highprecision material testing machine (ElectroForce 3220-AT, Endura TEC, Minnetonka, MN) in a temperature-controlled chamber system using six memory alloy springs. The effect of temperature on the distraction force of the memory alloy spring was evaluated at a pinball-to-pinball distance of 30 mm. The force generated by the memory alloy spring construct was measured as the temperature within the chamber was increased by .5°C increments from 23°C to 37°C. To estimate the distraction force during bone lengthening, the nickel-titanium memory alloy and pinball construct was mounted on the testing machine with a distance of 30 mm between the centers of the pinballs (Fig 2) at a constant temperature of 37°C. The displacement between the centers of the The force generated by the memory alloy spring device is continuously measured as the displacement between the pinballs is increased from 30 mm to 40 mm and as temperature is increased from 23°C to 37°C.
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pinballs was increased at a constant speed of .5 mm/min to an endpoint of 40 mm, while the change in force (N) was being continuously recorded.
Histologic Analysis
A 30-mm segment from each hemimandible of all study subjects and including the region of the springdistracted callus in the experimental specimens was prepared for histologic study. The bony specimens were cut with a water-cooled oscillating saw (Stryker Surgical, Kalamazoo, MI) and fixed in formalin solution. The specimens were then decalcified and embedded in paraffin. Five-micrometer sections were cut and stained with hematoxylin and eosin.
Statistical Analysis
Mean values are presented. A paired t test (two tailed) was used to compare differences in length between the experimental (spring distracted) and control (nonoperated) hemimandible for each animal.
RESULTS
D
uring the experimental period, all animals were observed for clinical evidence of distraction, the development of a cross-bite, and overgrowth of lower incisors. In gross postdistraction specimens and soft x-rays (Fig 3) , there was evidence of distraction and callus formation at the corticotomy site. Five animals were excluded from the study because of infection (two rabbits), nonunion (two rabbits), and device failure (one rabbit).
Radiographic Analysis
The average hemimandible length, measured using digital calipers on sagittal soft x-ray radiographic views, was found to be 24.6 mm for experimental (spring distracted) specimens and 23.4 mm for control (nonoperated) specimens, providing a mean distraction of 1.2 mm in experimental specimens (P < .001, two-tailed paired t test; Fig 4) . The maximum length of spring-mediated distraction found in an experimental specimen was 3.7 mm. The crosssectional area of the callus for each rabbit was determined and normalized against representative sections from the contralateral hemimandible at the region between the incisors and molars. After springmediated distraction, there was a 52% average increase in callus cross-sectional area in experimental compared with control specimens (P < .001, twotailed paired t test).
Biomechanical Testing
The linear vector of force generated by the 55-mm segment of 1.0 mm diameter Nitinol™ nickeltitanium memory alloy bent into an arc with the ends separated by 30 mm was found to increase linearly by 17% (from 4.24 N to 4.96 N) as ambient temperature increased from 23°C to 37°C (Fig 5) . Conversely, at a constant temperature of 37°C, as the memory alloy segment was allowed to spring open from a displacement of 30 to 40 mm, there was a 4.2% reduction in linear distraction force from 4.96 N to 4.76N (Fig 6) .
Histologic Analysis
Complete bone bridging occurred in all (n = 15) histologic specimens. There was no interposing carti- 
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lage or fibrous tissue. Normal bone marrow architecture was noted within the neomedullary space. Encased cartilage cores within the cancellous bone of the callus were observed in one specimen. At the native bone-callus cortical and medullary borders, the remodeled bony regenerate appeared distinct, yet resembled the structure of mature bone. Histologically, there were no differences seen between our study specimens and specimens from previously published reports on rabbit mandibular distraction using displacement-control distraction methods at a consolidation period of 6 weeks. [11] [12] [13] In each of the previous studies used for histologic comparison, distraction was performed using the traditional method of a 7-day latency period, followed by distraction by .5-mm intervals performed twice per day, and a consolidation period of up to 10 weeks.
DISCUSSION
S
ince Persing's first description of experimental spring use for craniofacial reshaping in 1986, demonstrating increases in marker separation of up to 3 mm at sutures, there has been an interest in applying springs to other applications in craniofacial surgery. Lauritzen 14 has reported the first clinical series of springs used for craniofacial reshaping in patients with craniosynostosis. Liu 15 has recently demonstrated successful closure of the bony tissue defect in dogs for cleft palate repair using a ring-shaped memory alloy. In this study, an 8-mm wide hard palate cleft was closed by 4 mm of sutural expansion across each palatomaxillary suture.
The next generation of devices used for craniofacial distraction osteogenesis should satisfy research and development objectives set forth by craniofacial surgeons for smaller, automated devices that are completely internalized and do not require daily activation. Although springs have been used in animal models for skull expansion in craniosynostosis and for cleft palate closure, this is the first report of the use of a springlike device for successful distraction across an osteotomy.
The average distraction achieved in our animal model is admittedly small, with a mean increase in mandibular length of only 1.2 mm (range, 0-3.7 mm). Technical improvements that will likely yield more 
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significant gains include finding an optimal latency period for fracture callus formation that provides sufficient plasticity of the callus for distraction, yet is strong enough to prevent immediate disruption of the osteotomized segments once the spring is activated. The length of the latency period, and hence the strength of the callus, must be balanced against the force delivered by the shape memory alloy wire segment. This force is proportional to the square of the radius of the wire. Other significant issues that must be addressed include the following:
1. The vector of distraction force provided by the device used in our study is not linear. The force provided by a segment of memory alloy wire shaped into an inferiorly based arc has an x and a y component that results in a distracting force along the x axis and a force in the caudal direction along the y axis. Although there was no appreciable distraction in the caudal direction in our study, the deficiency in this model can be corrected by a counterbalancing wire segment in a superiorly based arc. 2. The maximal force applied by the memory alloy spring mechanism exists early in the course of distraction on activation of the device (Fig 4) . This force trends downward as distraction progresses and displacement increases between the two ends of the wire. In our study, we found a 4.2% reduction in the linear vector of distraction force as the displacement between the two ends of the wire increased by 10 mm. Ideally, the maximum force will be applied later in the course of distraction when greater force is needed to overcome the increasing resistive force of the callus as it heals. If a force that is too great is applied early in the course of distraction, the callus is disrupted, and nonunion of the osteotomized segments results. A force that is too weak to overcome the resistive force of the callus will not achieve the desired goals of distraction. 3. The activation of the spring after a defined latency period in our animal model required a second operative procedure for release of the wire securing both ends of the memory alloy together. This experimental design was chosen for its simplicity and is not likely to be appropriate in clinical practice. A modification of this model with a loop of the wire brought out percutaneously and allowing for spring activation during an office visit could be easily achieved. 4. The length of distraction achieved through this experimental method is unpredictable. Only 8 of the 15 animals that completed the study attained distraction lengths greater than 1.0 mm. Distraction lengths greater than 2.0 mm were achieved in only three animals (Fig 3) . Greater predictability of distraction vectors and length will be necessary for acceptability of this technique in clinical practice.
Other radiographic changes normally seen in distracted specimens, such as an increase in the crosssectional area of the immature callus of approximately 50% relative to the native bone, 16 were also seen in experimental specimens. Histologically, there were no differences between study specimens and specimens subjected to traditional distraction methods.
CONCLUSIONS W
e have developed a simple animal model for mandibular distraction using an internalized distraction device that does not require daily activation and relies on the springlike properties of a shape memory alloy. This technique requires that the osteotomized mandibular segments be immobilized for up to 2 weeks to allow for fracture callus formation before spring activation and eventual distraction. The ideal duration of fracture healing before spring activation and the optimal force to be generated by the spring device to allow for maximal distraction are to be determined by future studies.
